Irregular bleeding remains a common reason for the discontinuation of progestin-only contraception. The levonorgestrel releasing intrauterine system (LNG-IUS) has profound morphological effects upon the endometrium. Specific features are gland atrophy and extensive decidual transformation of the stroma. Morphological changes in the endometrium may be associated with perturbation of mechanisms regulating normal endometrial function. This study describes endometrial stromal and glandular features prior to and up to 12 months following insertion of the LNG-IUS. Comparison is made with first trimester decidua. In order to elucidate further mechanisms governing endometrial function with local intrauterine delivery of LNG, we here report histological features consistent with decidualization; a significant increase in granulocytemacrophage colony stimulating factor (GM-CSF) immunoreactivity in decidualized stromal cells; glandular and stromal prolactin receptor expression and an infiltrate of CD56⍣ large granular lymphocytes and CD68⍣ macrophages. We are unaware of previous reports which have documented longitudinally both morphological and functional observations in endometrium exposed to local intrauterine levonorgestrel delivery. These studies demonstrate that long-term administration of intrauterine levonorgestrel results in features of altered morphology and function. No correlation was apparent between the end points in the study and the bleeding patterns described by the subjects. Further evaluation of these features in the context of menstrual bleeding experience may contribute to a better understanding of this troublesome side-effect which often leads to dissatisfaction and discontinuation of the intrauterine system.
Introduction
Irregular bleeding remains the single most common indication for discontinuation of progesterone-only methods of contracep-
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© European Society for Human Reproduction and Embryology tion (Findlay, 1996) and the aetiology of this frequent complaint is not understood. Few data exist concerning endometrial stromal changes in users of progestin-only contraception. Indeed attention has been drawn to the fact that the 'short phase of decidualization' observed following commencement of progesterone-only contraception may be transient and thus the cells are not 'true decidual cells' with the consequence that factors not normally associated with decidual cells may be produced (Findlay, 1996) .
Steroid releasing intrauterine devices have profound morphological effects on the endometrium. Specific features are suppression of proliferative activity and atrophy with extensive decidual transformation of the stroma (Silverberg et al., 1986; Sheppard, 1987) . Intrauterine devices elicit characteristic local changes in leukocyte populations within the endometrium, including infiltration of macrophages, lymphocytes and neutrophils which appear in the stroma and epithelium (Sheppard, 1987) . Mechanisms concerned with leukocyte distribution in the endometrium of IUD users are not known. During the normal menstrual cycle there is a late secretory phase increase in stromal leukocytes (Bulmer et al., 1988) with a pre-menstrual increase in stromal macrophages (Kamat and Isaacson, 1987) . Both the late secretory phase endometrium and early decidua contain a significant population of leukocytes, the majority of which are CD56ϩ large granular lymphocytes (LGL) (King and Loke, 1991) .
The temporal expression of prolactin in the uterus implicates a role for this hormone in decidualization and hence implantation (Wu et al., 1995) . Prolactin is an immunoregulating agent and may play a role in leukocyte function. Our group (Jones et al., 1998) has recently reported the localization of the prolactin receptor protein in glandular epithelium and some stromal cells from the mid to late secretory phase of the menstrual cycle and in first trimester decidua, coinciding with the onset of decidualization.
Few data are available concerning endometrial cytokines and their role in mechanisms concerned with endometrial bleeding. Granulocyte-macrophage colony stimulating factor (GM-CSF) is an activating growth factor for granulocytic and monocytic cells. Human GM-CSF is considered to be steroidregulated (Sharpe-Timms et al., 1994) . GM-CSF is synthesized by epithelial cells in the murine pregnant and non-pregnant uterus and is likely to be regulated in the mouse primarily by oestrogen. In the human, epithelial cells are the major contributor to production (Giacomini et al., 1995) and variations are reported in the level of immunohistochemical expression of GM-CSF in endometrial epithelial cells (Sharpe-Timms et al., 1994) . Furthermore, GM-CSF production by resident leukocytes (macrophage and large granular lymphocytes) has been demonstrated (Jokhi et al., 1994) . A potential role for endometrial GM-CSF in macrophage recruitment into the stroma has been reported in rodents .
This study describes endometrial stromal and glandular features prior to and up to 12 months following insertion of a levonorgestrel-releasing intrauterine system (LNG-IUS; Mirena, Leiras Oy, Finland). The LNG-IUS has an inert frame on which a silastic capsule has been attached to the vertical arm, releasing 20 µg levonorgestrel every 24 h to the uterine cavity from a total load of 52 mg LNG (Luukkainen et al., 1990) . A comparison has been made with the morphological features of first trimester decidua.
Materials and methods
Ethical approval for the study was obtained from Lothian Research Ethics Committee (reference: 1702/94/6/44). Informed consent was obtained from 14 women aged between 32 and 48 years (median age is 37 years). All subjects were fertile, described regular menstrual cycles (cycle length 25-35 days) and were not using hormonal or intrauterine contraception in the 6 months prior to inclusion in the study. The indication for insertion of the LNG-IUS was either for contraception (n ϭ 10) or heavy menstruation (n ϭ 4). The study was longitudinal with each subject acting as her own control. All subjects underwent a pre-insertion endometrial biopsy either in the proliferative (n ϭ 7) or secretory (n ϭ 7) phase of the cycle. The stage of the cycle prior to LNG-IUS insertion was defined according to the criteria of Noyes et al. (1950) . Biopsies were performed in an outpatient setting with a pipelle suction curette (Laboratoire CCD, Paris, France). Further endometrial samples were collected 1, 3, 6 and 12 months following insertion of the LNG-IUS. Once the LNG-IUS was in situ, the histological appearance of endometrium samples was indistinguishable whether collected in the follicular or luteal phase, hence data at time period of 1, 3, 6 and 12 months were pooled.
In addition decidual tissue was collected from ten women (8-10 weeks amenorrhoea) undergoing surgical termination of pregnancy. Decidual biopsies were stained with a monoclonal antibody against cytokeratin to confirm absence of trophoblast tissue (decidua parietalis). All endometrial and decidual tissue samples were fixed overnight in 10% neutral buffered formalin at 4°C, rinsed and stored in 70% ethanol and thereafter routinely wax embedded. Sections 5 µm thick were cut for routine histopathology (haematoxylin and eosin staining) and immunohistochemical localization of granulocyte macrophage colony stimulating factor (GM-CSF), prolactin receptor, CD56ϩ large granular lymphocyte (LGL), macrophage (CD68) and neutrophil elastase immunoreactivity. Our laboratory has recently described the localization of progesterone receptors (subtypes A ϩ B) and oestrogen receptors in normal endometrium and decidua and in endometrium exposed to intrauterine LNG .
Immunohistochemistry procedures

Prolactin receptor immunolocalization
Paraffin sections were dewaxed and rehydrated through descending grades of ethanol to distilled water. The sections were then washed twice in 0.1 M phosphate buffered saline (PBS) for 5 min. Endogenous peroxidase activity was quenched by immersion in 3% hydrogen peroxide (H 2 O 2 , BDH Laboratory Supplies, Poole, UK) in distilled water for 5 min and then sections were again washed. Non-specific binding was reduced by a 20 min incubation with non-immune goat serum (Vector Stain Elite ® ; Vector Laboratories, Peterborough, UK) 1219 in a humidified chamber at room temperature, following which the excess was carefully removed and the primary antibody (Nevalainen et al., 1996) (rabbit polyclonal raised against a rat peptide sequence common to the short and long form of the receptor, kindly supplied by Dr P. Ingleton, University of Sheffield) was applied at a dilution of 1:50. Slides were incubated overnight (17 Ϯ 1 h) at 4°C. Antibody binding was detected by the sequential application of biotinylated goat anti-rabbit IgG and an avidin-biotin-peroxidase complex (ABC Vector Stain ® ; Vector Laboratories).
The substrate 3,3Ј diaminobenzidine (DAB, Vector Laboratories) was then utilized to visualize positive immunoreactivity. Finally, sections were counter-stained with Harris' haematoxylin (Pioneer Research Chemicals Ltd, Colchester, UK), dehydrated and cleared in xylene before mounting in Pertex ® (Cellpath, Hemel Hempstead, UK).
Positive controls included for the prolactin receptor immunohistochemistry were sheep pituitary sections (Tortonese et al., 1996) and human term fetal membranes (Maaskant et al., 1996) . Negative controls had an equivalent concentration of non-immune rabbit immunoglobulin substituted for the primary antibody to exclude the possibility of non-specific binding.
Granulocyte macrophage colony stimulating factor (GM-CSF)
Immunolocalization A similar protocol as above was used for the localization of GM-CSF. The primary antibody was raised in the mouse against human GM-CSF [GM-CSF (ZM-213), Genzyme Diagnostics, Kent, UK]. Incubation with the primary monoclonal antibody at a dilution of 1:75 took place for 90 min at 37°C. Thereafter the protocol was similar to that employed for prolactin receptor. Tris buffered saline (TBS) was used throughout instead of PBS. The second antibody was a horse anti-mouse antibody (Vector Laboratories) and the avidin-biotin-peroxidase complex ABC Elite ® (Vector Laboratories). Negative controls were performed by replacing the primary antibody with mouse immunoglobulin at the same dilution (1:75).
The positive controls were a GM-CSF expressing cell line (MG-63 cells, derived from a male osteosarcoma cell line and gift of Dr Fouad Habib, Western General Hospital, Edinburgh). MG-63 cells were grown up on Chamber slides (Nunc Inc. Naperville, IL, USA). After fixation, the MG-63 slides were stored in 70% ethanol until use. Cells were first washed separately in TBS for 5 min and then included as a positive control.
Leukocyte immunolocalization
Sections (5 µm) from formalin-fixed, paraffin embedded biopsies were cut for immunohistochemical localization of (i) macrophages (CD68, DAKO, Code M876); (ii) CD56ϩ lymphocytes (Zymed, San Francisco, CA, USA); (iii) neutrophil elastase (DAKO Neutrophil Elastase, Code M752). Tissue sections were dewaxed and rehydrated. Non-specific endogenous peroxidase activity was blocked by treatment with 3% hydrogen peroxide in distilled water for 5 min at room temperature. Pre-treatment of the sections was necessary for localization of macrophages and CD56ϩ lymphocytes as described below.
For macrophage (CD 68) immunostaining, tissue sections were exposed to an enzyme digestion with 0.1% trypsin in 0.1% calcium chloride at pH 7.8. The digestion was conducted at 37°C for 25 min and subsequent enzyme activity removed by washing in tap water.
For CD56ϩ lymphocyte immunostaining, tissue sections were microwaved at high power in 0.01 M sodium citrate buffer (pH 6.0) for 20 min then allowed to stand for a further 20 min. Sections were washed in buffer prior to a non-immune block.
Thereafter all sections were exposed to a non-immune block with normal horse serum for 20 min at room temperature. Tissue sections were subsequently incubated with the appropriate primary antibody: Figure 1 . Photomicrograph of endometrium exposed to intrauterine levonorgestrel for 3 months. The glands are narrow and inactive and the stroma is typically decidualized. There is a scanty granulated lymphocyte infiltrate. Original magnification ϫ185.
(i) macrophage antibody (CD68) dilution 1:50 for 60 min at 37°C; (ii) CD56 antibody dilution 1:250 for 60 min at 37°C; (iii) neutrophil elastase antibody dilution 1:50 for 60 min at 37°C.
Sections were labelled with an avidin-biotin-peroxidase detection system (Vector Stain ® ; Vector Laboratories). Colour development employed diaminobenzidine (DAB) solution for 2-10 min. Subsequently tissue sections were counterstained with haematoxylin, dehydrated and cleared in xylene and mounted in Pertex. Negative controls were conducted by replacing the primary antibody with nonimmunized mouse immunoglobulin at the same concentration as the primary antibody.
Immunostaining intensity and distribution of epitopes in all tissue sections were assessed semi-quantitatively, on a four point scale: 0 ϭ no staining, 1 ϭ faint staining, 2 ϭ moderate staining, 3 ϭ intense staining. Scoring was performed blind by two observers. The mean and standard error of mean (ϮSEM) was calculated. The data were analysed by one-way analysis of variance (ANOVA), using Fisher's PLSD coefficient to assign significance.
Results
Histology
The LNG-IUS produced widespread morphological changes in the endometrium (Figures 1 and 2) . The histological changes were not limited to the contact site although typical contact site changes were observed in the majority of cases. The superficial part of the endometrium formed cushions of rather oedematous, spindle-celled, pseudo-decidualized stroma (Figure 2) and occasionally, microscopic, oedematous, surface micropapillae were seen. In biopsies where the progestational effect was long-standing, the endometrial decidualization remote from the device was spindle-celled and diminished in intensity whilst the decidualization nearest to the device remained more typical with 'rounded' cells rather than spindle cells. Glands in the superficial part of the endometrium were extremely narrow, whilst those in the deeper layers were slightly wider and lined by an epithelium which was cubocolumnar in contrast to the cells lining the superficial glands which were flattened cuboidal. In a small number of biopsies haemorrhagic infarction, necrobiosis or coagulative necrosis was present.
Immunohistochemistry
GM-CSF immunostaining
Positive immunostaining (brown) for GM-CSF was observed in the cytoplasm of glandular and surface epithelial cells in normal endometrium. In early decidua ( Figures 3A and 4) positive immunoreactivity in epithelial and decidualized stromal cells, especially in a perivascular location, was noted. Immunoreactivity tended to be heterogeneous. Regions where decidualization was marked demonstrated strongest immunoreactivity. Strong cytoplasmic glandular and stromal immunoreactivity, particularly in a perivascular location, was also evident following insertion of the LNG-IUS ( Figures 3B and  4 ). There was a significant increase (P Ͻ 0.05) in GM-CSF immunoreactivity in the stromal compartment of LNG-exposed endometrium at 1, 3, 6 and 12 months post insertion compared with 'pre-insertion' endometrium biopsied in both the proliferative (P Ͻ 0.01) and secretory phase (P Ͻ 0.05) of the cycle (Figure 4) . Immunoreactivity in normal decidual stromal cells was similar to secretory phase endometrium (see Figure 4 , lower panel).
Prolactin-receptor immunostaining
Minimal positive immunostaining was observed in pre-insertion endometrial biopsies collected in the proliferative phase. However, in pre-insertion endometrial biopsies from the secretory phase, positive immunoreactivity was evident in the cytoplasm of glandular epithelium and in some stromal cells. Biopsies of first trimester decidua displayed strong immunoreactivity in glands and decidualized stromal cells ( Figure  3C ). Consistent with these features of prolactin receptor immunoreactivity in early decidual tissue, biopsies collected post insertion of the LNG-IUS displayed positive immunostaining both in the glandular epithelium and in pseudodecidualized stromal cells ( Figure 3D) . A significant increase (P Ͻ 0.05) in stromal prolactin receptor immunostaining 
Leukocyte immunostaining
Intense positive immunostaining of CD56ϩ LGL was evident in all endometrial biopsies collected following insertion of the intrauterine system. There was significantly greater (P Ͻ 0.05) CD56ϩ immunoreactivity in the stroma of secretory compared to proliferative endometrium, prior to insertion of the LNG-IUS ( Figure 6B ). The significant increase (P Ͻ 0.05) was still evident at 1 and 3 months post insertion of the LNG-IUS when compared to proliferative endometrium prior to LNG-IUS insertion ( Figure 6B ). Strong CD56ϩ immunostaining was observed however in normal decidua, especially in areas of full decidualization. Positive immunoreactivity for CD68ϩ macrophages was also obtained in all endometrial biopsies following insertion of the LNG-IUS ( Figure 6A ). There was a significant increase in macrophage immunostaining between proliferative endometrium pre-insertion and the 1st month post insertion (P Ͻ 0.05). A significant decrease (P Ͻ 0.05) in CD68ϩ macrophage immunoreactivity was noted from 1-12 months post insertion. There was negligible immunostaining for neutrophil elastase (polymorphonuclear leukocyte marker) in all post insertion endometrial biopsies (data not shown).
Discussion
In order to elucidate further local mechanisms governing endometrial function with local intrauterine delivery of levonorgestrel, the present study has reported histological features consistent with decidualization. We have observed a significant increase in GM-CSF immunoreactivity, particularly in the decidualized stromal cells observed in LNG exposed endometrium, plus glandular and stromal prolactin receptor expression and an infiltrate of CD56ϩ large granular lymphocytes and CD68ϩ macrophages. We are unaware of any previous reports which have documented longitudinally both morphological and functional observations in endometrium exposed to local intrauterine LNG delivery.
The endometrial morphological features following intrauterine levonorgestrel delivery are typical of those seen in long-term users of a progestogen (Silverberg et al., 1986; Buckley and Fox, 1989) . The features of pseudo-decidualization closely resembled the morphology of early pregnancy decidua.
The progestational effects observed in this study occurred throughout the endometrium and are consistent with an earlier report (Nilsson et al., 1978) , and were not limited to the immediate vicinity of the device. The endometrial biopsies examined in the present study did not display the micropolyps described by Silverberg et al. (1986) where the median duration of use was 48 months and women using a device releasing 20 µg daily were all examined after at least 12 months of use. The lack of observation of micropolyps in our study may be due to the fact that the levonorgestrel intrauterine system had only been in situ for up to 12 months.
In a few biopsies haemorrhagic infarction, necrobiosis and coagulative necrosis were present. These features are indicative of spontaneous tissue breakdown but differ from that seen in normal menstruation, in that the features were usually focal or multifocal. All subjects in this study had recorded details of daily bleeding (if present) for the full 12 months study period. On review, the biopsies with evidence of spontaneous tissue breakdown were not from subjects who had described break-through bleeding (unpublished data).
Any agent which modifies endometrial morphology is likely also to modify the normal intrauterine processes regulating function. The stromal GM-CSF immunoreactivity in the local levonorgestrel treated endometrium closely resembled GM-CSF immunostaining in the epithelial and stromal cells of first trimester decidua. Particularly of note was the localization of immunostaining to large perivascular decidualized cells. Appreciable amounts of GM-CSF are known to be produced by first trimester decidua (Jokhi et al., 1994 ) and a potential role in leukocyte recruitment has been proposed .
Prolactin receptor protein has been immunolocalized to the glandular epithelium and stromal cells of pseudo-decidualized endometrium following intrauterine levonorgestrel delivery. Our observation is consistent with data from our group (Jones et al., 1998) concerning expression of the prolactin receptor in both normal endometrium and first trimester decidua. Locally derived growth factors and cytokines are likely to regulate prolactin receptor expression (Gu et al., 1994) , and the detection of strong immunoreactivity for the receptor in both epithelium and stroma in pseudo-decidualized endometrium suggests a paracrine role for prolactin.
The pseudo-decidualized endometrium associated with local levonorgestrel delivery displayed a significant increase in CD56ϩ LGL when compared with proliferative phase endometrium and has a persistent population of macrophages. Normal decidua has a similar leukocyte population (Loke and King, 1995) . The mode of recruitment of these cell types remains under investigation, although, under the influence of progesterone, neither cell type to date has been reported to express sex steroid receptors (King et al., 1996) . Local intrauterine levonorgestrel delivery results in a down-regulation of stromal progesterone receptors at a time where, in the current study, we have observed strong prolactin receptor immunoreactivity that increased significantly 1 month post insertion of the LNG-IUS.
From the above data it must be concluded that the stromal compartment of the endometrium does indeed undergo changes consistent with decidualization for at least up to 12 months post insertion of LNG-IUS. Previous examination of the state of the endometrial stroma in progestin-only contraceptive users was limited (Findlay, 1996) . Furthermore, it has been suggested (Findlay, 1996) that there may be a short phase of decidualization following commencement of the method. In this study evidence is presented that GM-CSF and prolactin receptor proteins immunolocalize to the pseudo-decidualized cells in a similar manner to the true decidual cells of first trimester pregnancy. It is notable that GM-CSF protein localized particularly to large decidualized perivascular cells. Findlay (1996) has noted that in progestin exposed endometrium the decidualized cells may produce factors not normally associated with true decidualized cells which may have the potential to be detrimental to blood vessels. It is worth noting that in normal decidua immunoreactivity was heterogeneous, and was most marked for GM-CSF, prolactin receptor and CD56 where decidualization was apparent. In these early pregnancy biopsies some regions still displayed a marked glandular morphology. It is recognised that during the first trimester, two histologically distinguishable zones may be observed (Bell, 1991) .
The presence of a marked and persistent population of CD56ϩ LGL is also consistent with the observation that uterine LGL are the predominant lymphocytes reported in first 1223 trimester decidua (Loke and King, 1997) . Furthermore, in this study macrophages were evident throughout the 12 months following insertion of a LNG-IUS. In this context Clark et al. (1996) reported a reduced frequency of CD68ϩ cells in the atrophic endometrium of Norplant ® users (sub-dermal levonorgestrel). The number of CD68ϩ cells was significantly increased in those women using Norplant with abnormal bleeding. In the context of the present study there was a significant increase in macrophage immunoreactivity at 1 month post LNG-IUS insertion and proliferative phase endometrium. Interestingly, thereafter a significant decrease in macrophage immunostaining was observed between 1 and 12 months following insertion of LNG-IUS. No formal quantification of immunostaining was undertaken due to the small size of many of the later biopsies, and hence the description was subjective.
Bleeding disorders remain a major problem and a primary reason for discontinuation of progestin-only methods of contraception (Findlay, 1996) . A previous irregular menstrual history has been raised as a potential contributing factor to bleeding disorders. In the present study all women recruited described a regular bleeding history. Many of them went on to experience irregular bleeding with the LNG-IUS in situ. A minority (n ϭ 4) also described heavy loss. Nine out of 14 women (64%) experienced light menstrual blood loss each month and only one subject achieved amenorrhoea with the LNG-IUS (unpublished data). Despite detailed scrutiny of the several end points in this study, no correlation was established with the menstrual bleeding patterns described by the subjects.
A detailed understanding of the local endometrial mechanisms which are disturbed by the presence of high dose intrauterine progestagen are also important with respect to the contraceptive action of the LNG-IUS. Recently Mandelin et al. (1997) described inappropriate glycodelin A mRNA and protein expression before and at mid cycle in women using a LNG-IUS. This untimely production of glycodelin A has been implicated in the contraceptive action of the LNG-IUS. In this context glycodelin A is usually absent from the endometrium in the proliferative and immediate postovulatory phases, i.e. at a time when glandular progesterone receptor expression is maximal. It is interesting to note that the inappropriate production of glycodelin A coincides with the down-regulation of progesterone receptor reported with intrauterine levonorgestrel administration.
In summary, the present study has described features consistent with endometrial decidualization in the presence of an intrauterine levonorgestrel-releasing system. It is not possible to determine whether these decidualized cells are 'true decidual cells' (Findlay, 1996) although several of the features described herein are almost indistinguishable from normal decidua. Further study of the decidualized nature of the stromal cells in the levonorgestrel exposed endometrium should contribute to a greater understanding of the mechanisms responsible for break-through bleeding, a major reason for discontent with progestin-only contraception.
